One sentence summary: This study presents the first large 16S rRNA dataset describing bacterioplankton from tropical Brazilian lakes and reveals highly diverse and dynamic communities, helping to map global freshwater lake bacterioplankton. Editor: Patricia Sobecky
INTRODUCTION
Freshwater lakes are highly biodiverse natural water reservoirs, with important recreational and landscape qualities. Although water is essential for life, its availability and quality are vulnerable to anthropogenic activity (Bennett, Carpenter and Caraco 2001; Oki and Kanae 2006) . Currently, Brazil is facing a hydrological crisis due to the mismanagement of water reservoirs' low levels, caused by the relaxation of environmental laws and fluctuations in rainfall (Cerqueira et al. 2015) . Lakes are susceptible to the impact of human activities both indirectly, following alterations to the surrounding catchment area that affect inputs of organic and inorganic matter, and directly through fishing and physical disturbances, such as deforestation, damming and shoreline development. These interventions affect not only water quality but also composition, distribution and activity of auto-and hetero-trophic communities with pronounced effects on carbon and nutrient cycling, which can therefore be used as environmental sensors (Williamson et al. 2008) .
Despite the methodological limitations of their time, Lindeman (1942) and Riley (1951) pioneered concepts in aquatic microbial ecology. For instance, they highlighted the involvement of bacteria in food webs and biogeochemical processes. Since then, the central role of bacteria in transforming and recycling organic compounds in aquatic ecosystems has been clearly established (Cotner et al. 2002) . Bacteria possess several different advantageous features that ensure their dominant role in the cycling of elements in the biosphere (Madsen 1998) . Over the last decade, advances in next-generation sequencing (NGS) and bioinformatics have facilitated the identification of complex bacterial communities, including highly diverse lake bacterioplankton (Zinger, Gobet and Pommier 2012; Paganin et al. 2013; Laas et al. 2014; Liu et al. 2015) .
Currently, a major challenge for microbial ecology is to understand the role of physical and chemical forces, or ecological filters in shaping the spatiotemporal structure of microbial communities (Gonzalez et al. 2012; Barberán et al. 2014) . Two premises have defined the composition of limnetic bacterioplankton: 'each lake has its own community' and 'many lakes have the same taxa' (Newton et al 2011 and references therein) . There is growing evidence that several bacterial groups specific for freshwater environments have a global distribution (Glöckner et al. 2000; Logares et al. 2013) .
Freshwater environments have been studied less than marine ones (Debroas et al. 2009 ). This is particularly true of tropical regions where information about species diversity, nutrient cycling and adaptive strategies of organisms is scarce compared with temperate environments (Lewis 2000; Descy and Sarmento 2008) . Most limnological studies on tropical freshwater bacterioplankton focus on productivity (Petrucio, Barbosa and Furtado 2006; Amado et al. 2013) and abundance (Peduzzi and Schiemer 2004; Silva et al. 2014) , meaning that NGS-based research on taxonomic composition is limited (Santos et al. 2015; Souffreau et al. 2015) . Knowing that bacterioplankton taxa may exhibit many different lifestyles and a variety of adaptive strategies (Pernthaler 2005; Newton et al. 2011) , their classification may reveal the association of particular groups with specific environmental conditions. To reduce this knowledge gap, we investigated the bacterioplankton communities of two tropical shallow lakes from a Brazilian Conservation Unit (Parque Estadual do Rio Doce-PERD, Fig. 1 ) with distinct stratification patterns. Bacterioplankton communities were sampled seasonally at different depths, and examined using NGS of 16S rRNA gene. The large 16S rRNA datasets thus obtained will improve our understanding of how diversity of these communities changes in relation to space, time and the ecological features of these lakes.
MATERIALS AND METHODS

Study area
The Rio Doce lacustrine region (Minas Gerais state, Brazil; Fig. 1 ) contains ∼150 lakes, of which one-third are protected inside the 
Sampling
Water samples (3 L) were taken during the 2013 dry (August) and rainy (December) seasons, using a van Dorn bottle. On the basis of oxygen and temperature profiles, we sampled above and below the mixed layer depth during periods of stratification ( Fig. 2A) . To assess the effect of water column mixing on bacterial diversity and provide an accurate seasonal comparison, dry season samples were taken at two different depths, at least 7 m away from each other. For Lake Carioca, where a large intermediate transition zone (metalimnion) was present, we took an additional sample during the warmer rainy season, to better represent a stratified water column with three well-defined layers. Samples were named according to the lake (C, Carioca; G, Gambazinho), season (D, dry; R, rainy), and specific depth (1, 1.5, 3, 5, 8 and 9 m) in that particular order (e.g. CD1). Water samples were immediately transported to the laboratory, pre-filtered using 20-μm paper filters, and filtered through 0.22-μm pore-size filter membranes. The filters were stored at -20 Mackereth, Heron and Talling (1978) and phosphate (PO 4 3− -P) according to Golterman, Clymi and Ohmstad (1978) . Chlorophylla (Chl-a) was extracted with 90% acetone (Lorenzen 1967) . Except for alkalinity (titration), readings were performed with a Shimadzu UV 1700 spectrophotometer (Kyoto, Japan). All necessary permits for the field study were obtained from the Instituto Estadual de Florestas (no. 028/13).
DNA extraction and bioinformatics analysis
DNA extraction was performed with the Power Soil kit (MOBIO Laboratories, Inc., Carlsbad, CA, USA) following the manufacturer's instructions. Primers 967F and 1046R (Sogin et al. 2006) were used to amplify the V6 hypervariable region of the 16S rRNA gene. Although this primer pair is used for bacterial community analyses (Sogin et al. 2006; Gilbert et al. 2009 Gilbert et al. , 2012 Mou et al. 2013) , it fails to detect a few phyla, e.g. Parcubacteria (RDP Probe Match- Cole et al. 2009; Peura et al. 2012) . Gene amplification and sequencing were performed at the Beijing Genomics Institute, using the 100-bp paired-end strategy on the Illumina HiSeq 2000 platform (Illumina Inc. San Diego, CA, USA). Raw reads were filtered with a base score threshold ≥ 20. In this study, reads assembly, trimming and screening were carried out with Mothur software v.1.33 (http://www.mothur.org- Schloss et al. 2009 ), as previously described by Paiva et al. (2015) . The clean reads were aligned and classified according to a V6 region trimmed version of the Silva v.123 16S rRNA database (Quast et al. 2013) , and chimeric reads were identified and excluded through the UCHIME method (Edgar et al. 2011) , using the more abundant reads as a reference. Reads not classified into the Bacteria domain and those annotated as chloroplast and mitochondria were discarded. After singletons removal, the remaining reads were grouped into operational taxonomic units (OTUs) based on a genetic similarity of 97% using the average-neighbor method. A summary of reads preprocessing workflow is shown in Table S1 (Supporting Information). An additional classification was made based on a database specific for freshwater bacteria, which was kindly provided by Dr. Ryan J. Newton (School of Freshwater Sciences, University of Wisconsin-Milwaukee, Milwaukee, WI, USA).
Statistical analyses
All statistical analyses were carried out with R software (https://www.r-project.org-R Core Team 2013) using Phyloseq (McMurdie and Holmes 2013) and Vegan (Oksanen et al. 2013) packages. Physicochemical characteristics were investigated by principal component analysis (PCA). To explore the communities' OTUs distribution patterns, we determined alpha diversity measures for all samples (the species estimators ACE and Chao1, and the Shannon and inverse Simpson diversity indexes). To this end, samples were normalized to the lowest number of reads using the 'rarefy even depth' Phyloseq command. To assess the similarity in OTU structure among different communities, the weighted Unifrac and Bray-Curtis distances were set and sorted by principal coordinate analysis (PCoA). A heat map was drawn to illustrate the relative frequencies of the 60 most abundant OTUs. To detect the strength of environmental drivers upon communities' structure and OTU associations with samples, a canonical correspondence analysis (CCA) was made with the Vegan package using the forward selection method with at least 100 permutations presented in a triplot. Interactions among the 60 most abundant OTUs and between these OTUs and environmental variables were evaluated using CoNet (Faust et al. 2012 ). Pearson's correlations >0.5 or < -0.5 were used to extract significant relationships. Null distributions were generated with the edge-scores routine and random distributions, using the bootstrap routine. The Benjamini-Hochberg method was used to adjust the P values for multiple testing. Interactions with P values < 0.01 and a false discovery rate < 0.05 were kept, and the resulting correlation network was visualized and customized using Cytoscape 3.4.0 (Shannon et al. 2003) . A complementary heat map with dendrograms was drawn showing correlations between environmental variables and OTUs with at least one R value > 0.5 or < -0.5. Correlations between alpha diversity measures and physicochemical variables were established using single linear regression analysis. The reads were submitted to the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra/) with the accession number SRP072297.
RESULTS AND DISCUSSION
Dataset sequencing
Illumina-based PE sequencing of bacterial 16S rRNA gene V6 region from nine samples generated a dataset consisting of 14 940 162 reads, with a minimum sequencing depth of 705 664 reads per sample. After removal of low-quality reads, pre-processing and alignment, 13 980 137 reads were grouped into 19 986 OTUs. The number of reads and taxonomic assignments of these OTUs are summarized in Table S2 (Supporting Information).
Physicochemical characteristics of the lakes
Physicochemical parameters of both lakes are presented in Table 1 and Fig. 2 . The effect of seasonal variability on water column thermal stratification was evident for Lake Carioca. This was non-stratified in the cooler dry season and stratified into three well-defined layers (epilimnion, metalimnion and hypolimnion) in the warmer rainy season ( Fig. 2A ). In contrast, Lake Gambazinho presented a non-stratified water column during both seasons. These findings confirmed the traditional monomictic and polymictic stratification patterns of the Carioca and Gambazinho lakes, respectively (Brito 2005) . During the dry season, the waters of both lakes (no stratification) were oxygenated throughout the water column. However, during the rainy season the waters became anoxic in Lake Carioca (for depths below 7 m) and nearly suboxic in Lake Gambazinho (maximum depth at 8.5 m). There were considerable seasonal differences in pH (Fig. 2B) , with higher acidity during the rainy season (Table 1) , likely caused by changes in metabolic activity (Trolle et al. 2012) . In the dry season, enhanced primary production and CO 2 uptake by phytoplankton increased the pH. Instead, the rainy season was dominated by heterotrophic bacterioplankton, resulting in oxygen-depleted and nutrientrich conditions, higher decomposition, higher respiration rates and lower pH (Brighenti et al. 2015) . PCA showed that samples grouped into three clusters (Fig. 2B ). One included all dry season samples, suggesting that both lakes displayed similar physicochemical conditions. The other two clusters contained rainy season data but were separated according to depth, suggesting that the bottom and surface waters exhibited different physicochemical conditions in both lakes. The rainy season was warmer, and the water column in both lakes had higher levels of inorganic nutrients in deeper waters, in particular in the strongly stratified Lake Carioca. CCA was performed to investigate which environmental variables had more influence on community structure (Fig. 3A) . Permutation test analysis revealed that the OTUs distribution across all samples could be mainly explained by the CCA1 axis (P = 0.01), significantly correlating with pH (P = 0.015) and phosphate concentration (P = 0.03). A Pearson correlation-based heat map was drawn to illustrate associations between the most abundant OTUs and to identify relationships between them and environmental variables (Fig. 3B) . The resulting heat map revealed that three groups of variables strongly correlated with different OTU clusters: (i) phosphate (negative and positive correlations); (ii) silicate, alkalinity and nitrate (positive correlations); and (iii) pH and Chl-a (positive and negative correlations). Moreover, the heat map showed which variables were more important for adaptation of different OTUs to their niches (see discussion below). Except for Verrucomicrobia (OTUs 1 and 11) and Actinobacteria (OTUs 4, 7, 18 and 23), environmental variables had a small influence on the clustering of taxonomically related OTUs (Fig. 3A-C) . Network analysis showed associations between co-occurring OTUs with environmental variables (Fig. 3D ), e.g. Carioca typical OTUs (7, 23, 25 and 42) related to nitrate silicate, and alkalinity, and dry season typical OTUs (1, 11 and 27) related with productivity (Chl-a), as also seen in Fig. 3A -C.
Bacterioplankton community diversity in time and space
To investigate the effects of spatial (lake and depth) and temporal (season) changes on bacterioplankton communities, we examined alpha and beta diversity. Measurements of alpha diversity were made at a rarefaction depth of 519 763 reads per sample and are illustrated in Fig. 4A . Alpha diversity across space and time was highly variable, as shown by numbers of observed and estimated OTUs, and by Shannon and inverse Simpson diversity indexes. Except for GR3 and GD9 samples, bacterioplankton communities from the rainy season, those of Lake Carioca and those from the bottom waters of both lakes were highly diverse. Indeed, DO concentration showed significant negative correlation to the Shannon index (P < 0.005; R 2 = 0.71), as suggested by regression analysis. These findings are consistent with other studies describing the importance of thermal stratification and anaerobiosis in improving bacterial diversity (Barberán and Casamayor 2011) . In addition, our results agree with the niche fragmentation hypothesis (Hutchinson 1961; Shade, Jones and McMahon 2008; Garcia et al. 2013b) , since the higher habitat heterogeneity found during the rainy season enhanced community diversity. The higher diversity found at the deepest sampling points might be due to community processes involving diverse biogeochemical cycles, metabolic activities and syntrophic interactions. Also it might reflect a less stressful environment due to higher nutrient availability, and isolation from external disturbances, such as UV radiation, wind and waves. Additionally, continuous sinking of bacterial cells from the upper productive photic zone and bacteria released from the sediment by resuspension might be considered. In contrast, the low alpha diversity values of the GR3 sample may be attributed to high water transparency and low light attenuation in Lake Gambazinho (Bezerra-Neto, Barbosa and Barbosa 2006), which could make it an inhospitable habitat for the survival of most bacterial groups (Lindell and Edling 1996) . Compared with Lake Carioca, Gambazinho was nutritionally poor, highly oxygenated and more transparent (Table 1) ; such features are expected to reduce bacterioplankton diversity (Warnecke et al 2005 , Shade et al. 2012 . Lake Gambazinho's polymictic pattern and higher wind exposure due to the lower surrounding forest could limit establishment and maintenance of physicochemical gradients or communities, thereby decreasing diversity (Shao et al. 2013 ). Moreover, due to its greater water transparency there should be higher photoinhibition in the surface layers, as demonstrated by prevailing deep-chlorophyll maxima in the neighboring Lake Dom Helvécio (Padisák et al. 2003; Barros, Souza and Barbosa 2006) .
Beta diversity was used to describe the similarities and differences in community structure. Beta diversity analyses based on the unweighted UniFrac and Bray-Curtis distances are shown in Fig. 4B . Structure differed between lakes and seasons. Highly similar communities were observed in each lake during the dry season, suggesting that mixing disrupted the bacterial niches created by thermal stratification (Fenchel and Finlay 2008; Shade et al. 2012) . Each lake had a different and native bacterial community, in line with previous studies (Newton et al. 2011) . Interestingly, the community structure most similar to the dry season samples (CD1 and CD8) was from the epilimnetic CR1.5 sample, suggesting that oxygen rather than temperature played the most prominent role in shaping Lake Carioca's bacterioplankton. This observation was supported by the fact that, in spite of temperature increasing during the rainy season, the epilimnetic waters remained well oxygenated. In contrast, the anoxic waters from the CR8 sample exhibited a similar temperature to the cooler dry season samples (23 o C -24 o C) ( Fig. 2A) . The Bray-Curtis distance showed a more pronounced influence of seasonal changes on community structure in Lake Gambazinho, as previously reported by Shade, Jones and McMahon (2008) for polymictic lakes. Interestingly, unweighted Unifrac analysis revealed an enhanced dissimilarity between communities from Lake Carioca during the rainy season, suggesting that stratification determines the phylogenetic diversity in each layers' community. Taken together, our results suggest that changes in bacterioplankton community structure are shaped over time and space by a variety of physicochemical factors (e.g. nutrient availability, pH and lake depth), which in turn are strongly dependent on lake mixing regime.
Taxonomy and distribution of bacterioplankton
Of all the reads, 88.7% were assigned to 40 phyla; the remainder had not been previously classified at the phylum level. Cyanobacteria, Actinobacteria, Verrucomicrobia and Proteobacteria dominated the bacterioplankton communities of both lakes, accounting for 28.2%, 19.2%, 19.3% and 18.7% of the total reads (mean relative frequency), respectively. These phyla have also been found in different relative proportions in other freshwater ecosystems worldwide (Newton et al. 2011) . Interestingly, Proteobacteria, one of the most prevalent phyla in freshwater lakes (Newton et al. 2011) , comprised only a moderate fraction and Bacteroidetes were hardly detected. Instead, Verrucomicrobia were comparatively overrepresented in both lakes, suggesting they may play a fundamental role in these tropical environments. At the phylum level, variation in community composition was more evident between lakes and seasons, with a minor contribution of depth (Figs 3A and 5) . Changes in bacterioplankton composition led us to evaluate the extent of inter-and intra-lake variation per season. OTUs from Actinobacteria and Proteobacteria were more prevalent in the rainy season, whereas Verrucomicrobia and Cyanobacteria were enriched in the dry season (Fig. 5) . These seasonal structural differences reflected prominent changes in particular groups, such as the picocyanobacteria Synechococcus, the worldwide distributed freshwater actinobacterial hgcI clade, the proteobacterial Azospira and Methylosinus, and the poorly characterized verrucomicrobial 'Candidatus Methylacidiphilum'. Classification according to the freshwater-specific database revealed typical freshwater taxon, such as acI (Actinobacteria-hgcI clade) lineage. CCA revealed that the distribution of OTUs was strongly affected by season and depth, particularly in the rainy season (Fig. 3A) . Overall, Cyanobacteria-and Proteobacteria-related OTUs were widely distributed in all samples. Accordingly, each abundant cyanobacterial OTU prevailed in a different niche ( Figs  3A and C) , reflecting the high adaptability of this group (Sciuto and Moro 2015) . In contrast, OTUs from the phylum Verrucomicrobia were associated with the dry season and those from Actinobacteria were more frequent in Lake Carioca or in the GR3 sample. Interestingly, some taxonomically related OTUs from Lake Carioca, such as Chloroflexi-related OTUs (33, 44 and 54, classified as TK10, Chloroflexaceae and SL56 marine group, respectively), exhibited similar occurrence patterns. Moreover, a few OTUs (26, classified as Chlorobaculum) were exclusive to single samples (CR8). Interestingly, some OTUs were grouped together, e.g. actinobacterial OTUs 7 (Mycobacterium), 18 and 23 (hgcI clade) (Fig. 3A and D) . This suggests niche sharing, as distribution of these OTUs among samples followed the same pattern. The heat map showed that the most frequent OTUs were detected in all samples (Fig. 3C) . Moreover, the heat map clearly suggested that differences between lakes had a greater effect on OTU occurrence patterns than seasons, since co-occurrence of OTUs in both lakes during only one season was poorly detected. In contrast, several OTUs were endemic to only one of the two lakes regardless of season, such as OTUs 23, 28 and 33 from Lake Carioca, and OTUs 31, 32, and 37 from Lake Gambazinho. OTUs enrichment in deeper waters was typical of the rainy season in both lakes (e.g. OTUs 5, 14 and 24), whereas in surface waters it mostly occurred in Lake Gambazinho (e.g. OTUs 2, 8, 12 and 46). In addition, nutrient availability appears to determine the distribution and frequency of OTUs, as confirmed by the heat map (Fig. 3B) . Thus, the superior part is mostly composed of OTUs from Lake Carioca and rainy season, which correlated positively with nitrate, and the inferior part is enriched with OTUs from Lake Gambazinho and dry season, which correlated negatively with phosphate.
Among the most frequent cyanobacterial OTUs, only three (2, 9 and 10) were classified at the genus level (Synechococcus or Cyanobium). Previous studies exposed the difficulty of classifying Cyanobacteria based solely on 16S rRNA (Seo and Yokota 2003; Haverkamp et al. 2009) . Synechococcus is the most abundant genus of picocyanobacteria (0.2−2.0 μm cell) in freshwater environments, where it constitutes a highly adaptable, genotypically, morphologically and physiologically diverse polyphyletic group. They are well suited to oligotrophic waters, may prefer ammonium as nitrogen source and are inhibited at low pH (Whitton 2012) . The three more frequent cyanobacterial OTUs found in our study occurred preferentially in surface waters (Fig. 3C) , indicating light dependence.
Verrucomicrobia are present in a large variety of terrestrial and aquatic ecosystems, including oligotrophic, eutrophic, polluted and extreme environments (Zwart et al. 1998; Yoon 2011; van Teeseling et al. 2014) . In spite of not being very abundant, here the Verrucomicrobia incerta sedis and Spartobacteria classes had mean relative frequencies of 17.4%, reaching up to 28.9% in Lake Carioca during the dry season. Within these classes, we found two abundant groups-'Candidatus Methylacidiphilum' genus (12.7%, Verrucomicrobia incerta sedis) and Chthoniobacterales order (4.7%, Spartobacteria)-which are poorly studied in freshwater ecosystems. 'Candidatus Methylacidiphilum' has been described as a thermoacidophilic methanotroph (op den Camp et al. 2009 ), which makes it an intriguing finding here. Zwirglmaier et al. (2015) recently reported this genus as the most frequent OTU in a dataset from temperate lakes. According to the freshwaterspecific database, 'Candidatus Methylacidiphilum' and the majority of Chthoniobacterales belong to lineage LD19 and tribe Xip-A1, respectively. These groups have been frequently associated with phytoplankton blooms (Zwart et al. 1998; Herlemann, Lundin and Labrenz. 2013; Parveen et al. 2013) . Herlemann, Lundin and Labrenz (2013) observed an association between Spartobacteria and Synechoccus bloom in the Baltic Sea. Also, Kant et al. (2011) reported that the genomes of Chtoniobacter flavus Ellin428 and Spartobacteria assembled from an environmental metagenome in the Baltic Sea harbored several glycoside hydrolase genes likely to enable degradation of complex polysaccharides. Considering that polysaccharides comprise a major fraction of the carbon biomass in aquatic ecosystems, the high relative abundance of this group in this study suggests an important role for Spartobacteria in carbon cycling. Previous studies have shown that the primary productivity of Carioca and Gambazinho lakes is higher during the dry season (Petrucio, Barbosa and Furtado 2006; Brighenti et al. 2015) . Here, we observed a higher relative frequency of verrucomicrobial OTUs during the dry season, suggesting a dependency of this group on autochthonous carbon production. Network analysis revealed that OTUs 1 ('Candidatus Methylacidiphilum') and 11 (Chthoniobacter) likely shared a similar ecological niche positively associated with Chl-a (Fig. 3A) . In summary, tropical freshwater lakes could represent a suitable environment for further studies of these taxa.
The actinobacterial acI lineage (hgcI clade) is a group of free-living bacteria abundant in many freshwater ecosystems (Jones, Newton and McMahon 2009; Garcia et al. 2013a) . Most acI OTUs found in this study belonged to the clades acI-A and acI-C, although acI-B was also present (Table S2 ). This lineage, usually associated with epilimnetic waters, possesses an aerobic-heterotrophic metabolism (Newton et al. 2007 ). However, a recent genome-based study revealed the presence of the actinorhodopsin gene, which could contribute to a photoheterotrophic lifestyle and promote survival during periods of nutrient starvation (Ghylin et al. 2014; Garcia et al. 2015) . Adaptation to nutrient-poor environments could be provided also by auxiliary genes involved in phosphorous and nitrogen pathways (Garcia et al. 2013a; Ghylin et al. 2014) . According to Warnecke et al. (2005) , the acI lineage presents high tolerance to UV irradiation and negative correlation with the light attenuation coefficient. As suggested by Newton et al. (2007) , pH acts as an environmental filter for acI subgroups. Indeed, in this study the acI lineage was the most frequent taxon in the GR3 epilimnetic sample, likely the most transparent water sample from our study. However, the acI group was also frequent in Lake Carioca, which has higher light attenuation than Lake Gambazinho as reported by Bezerra-Neto, . Of the five most abundant acI OTUs in our dataset, OTUs 4, 18 and 23 were typical of Lake Carioca, and OTUs 3 and 15 of Lake Gambazinho ( Fig. 3A and C) . Frequency of the former rose during the rainy season as pH increased and, contrary to previous reports (Allgaier and Grossart 2006; Taipale, Jones and Tiirola 2009) , it was not influenced by oxygen concentration. Accordingly, even though we could not taxonomically separate the acI subgroups, different environmental factors, such as pH (Lake Carioca) and water transparency (Lake Gambazinho), could influence their abundance. Moreover, another boost for acI subgroups during the rainy season could come in the form of carbon source availability and lability (allochthonous versus autochthonous), which were not assessed in our study.
The most abundant Alphaproteobacteria-related OTU (24) was assigned to the type II methanotroph Methylosinus. OTU 24 was enriched in GR8 and CR5 samples, where oxygen levels were very low but not anoxic, a condition needed to promote methane oxidation. Another OTU (14, Gammaproteobacteria) presented the same water column frequency distribution as OTU 24, being thus a potential methanotroph (Fig. 3D) . The genus Azospira, the second most abundant betaproteobacterial OTU (13), was evenly distributed among all samples. Interestingly, this group is not usually recovered from freshwater environments and was formerly described as comprising root-associated bacteria capable of fixing N 2 (Reinhold-Hurek and Hurek 2000). Its correlation with environmental variables revealed a significant positive association with silicate (Fig. 3D) .
Among other less abundant phyla, Chlorobi, Chloroflexi and Acidobacteria play important roles in freshwater environments, especially the water-sediment interface of shallow lakes (Chen et al. 2015) . Indeed, the green sulfur bacteria of the genus Chlorobaculum (OTU 26) could contribute significantly to anoxic metabolism. This OTU was exclusive of the CR8 sample (3.6%), reflecting its anoxic dependence. Chlorobaculum has a photoautotrophic metabolism coupled to the oxidation of sulfide, contributing to primary production under very low light conditions. It is thought that these anoxygenic phototrophic bacteria shaped the Earth prior to the advent of cyanobacterial oxygenic photosynthesis (Canfield, Rosing and Bjerrum 2006) . Chloroflexi OTUs were mainly present in Lake Carioca. This phylum encompasses anoxygenic phototrophic filamentous bacteria and is frequently found in sediment and anoxic zones of stratified freshwater systems (Briée, Moreira and López-García 2007; Santos et al. 2015) .
In conclusion, our results show that tropical lakes can contain highly diverse and dynamic bacterioplankton communities, whose structure is strongly influenced by seasonal parameters related to lake productivity (phosphate concentration, pH and DO). This highlights the importance of seasons (dry or rainy), ecological filters, lake stratification and mixing regime in controlling alpha and beta diversity of bacterioplankton. Carioca and Gambazinho lakes were populated by typical freshwater groups, mostly Synechococcus and Actinobacteria acI, although rare and poorly characterized taxa such as 'Candidatus Methylacidiphilum' were also frequent. We also detected anoxigenic phototrophic and methanotrophic bacteria during the rainy season. These likely altered the carbon cycle and contributed to lake metabolism, especially under low light and oxygen. Our findings suggest that 'Candidatus Methylacidiphilum' might be involved in autochthonous carbon consumption, especially during the mixing period, warranting further investigation. Our findings provide a baseline for further research that could comprehensively explore PERD lakes at a broader inter-lake scale and shorter periodicity, in addition to a large-scale metadata record.
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